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Image analysis of remesothelialization following chemical
wounding of cultured human peritoneal mesothelial cells: The
role of hyaluronan synthesis.
Background. To understand what happens during the wound
healing process of the mesothelium, we have developed an in
vitro wounding model of cultured human peritoneal mesothe-
lial cells (HPMCs) utilizing an image acquisition and analysis
system. Using this system, cell mobility and hyaluronan synthe-
sis were quantified and their interrelationship discussed.
Methods. 1N NaOH was used to create circular wounds
in cultured HPMC monolayers, which were then exposed for
30 minutes to the peritoneal dialysis solutions or fetal calf serum
(FCS)-free M199 culture medium, followed by incubation with
0.3% FCS/M199 culture medium for up to 96 hours. Digitalized
microscopic date was captured every 30 minutes to quantify the
wound healing process. In separate experiments, the HPMC
monolayers were stained with biotin-conjugated hyaluronan-
binding protein (B-HABP) at a regular time interval.
Results. Centripetal migration of the HPMCs into the wound
area was the predominant process involved in wound repair
with proliferation playing a secondary role. Two noticeable ob-
servations were made from the digital video movies: (1) cell
mobility varied and was dependent upon the morphology and
location of the cell relative to the wound edge, and (2) cell migra-
tion continued even after wound closure. Staining for B-HABP
was confined to the remesothelialized area when wound closure
was complete at 24 hours. At 48 hours after wound closure, the
stained area was even more visible, although somewhat diffuse;
thereafter, staining was reduced to almost background levels.
Conclusion. The cell culture model of wound healing used
in our study has enabled us to demonstrate quantitative image
data of the cellular processes that occur during wound heal-
ing. We have been able to continuously observe cell migration,
proliferation, and transformation. Synthesis and subsequent de-
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composition of hyaluronan appears to be related to the mobililty
of the wounded and intact HPMCs in this model system.
Dobbie [1] has described three potential mechanisms
involved in the healing and fibrotic processes, which oc-
cur in the peritoneum following injury: (1) early heal-
ing with prompt remesothelialization, associated with
minimal residual damage; (2) delayed healing mani-
fested by a superficial band of hyalinized collagen; and
(3) prolonged and extensive fibrin exudation followed by
new membrane formation. It could be speculated that
structural alteration of the peritoneum subsequent to
the early healing and early delayed healing mechanisms
may be reversible, resulting in complete repair of the
peritoneum. Therefore, elucidating the etiologies of the
wound-healing processes is critical to formulating strate-
gies for maintaining mesothelial integrity.
Ultrastructural alterations to the peritoneal membrane
can be indirectly determined, clinically, by measuring var-
ious proinflammatory markers in the peritoneal dialysis
effluent, such as inflammatory cytokines [2, 3], CA125
(a mesothelial cell–specific factor) [4], extracellular ma-
trices (ECM) [5], fibrinolytic factors [6], and exfoliated
(detached) peritoneal resident cells [7, 8].
Hyaluronan [5, 9–11], an ECM molecule found in
peritoneal dialysis effluent, is a large, linear polymer of
repeating disaccharide chains, a homopolymer of N-
acetyl-D-glucosamine and D-glucuronic acid and synthe-
sized by hyaluronan synthase enzymes [12, 13]. Despite
its simple chemical structure, hyaluronan plays an impor-
tant role in cell adhesion [14], cell locomotion [15], water
homeostasis [16], solute transport [17], and wound repair
[18, 19]. The synthesis of hyaluronan is regulated by a
number of growth factors and inflammatory cytokines,
including prostaglandin E2 (PGE2) [20], platelet-derived
growth factor (PDGF) [21], transforming growth factor-b
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Fig. 1. A flow diagram of the microscopic im-
age acquisition and analysis system. Abbre-
viations are: PC, personal computer; CCD,
charged-coupling device.
(TGF-b) [22], and interleukin-1b (IL-1b) [23], all of
which are involved in the processes of inflammation and
repair.
Yamagata, Tomida, and Koyama [11] have reported
that the gradual increase in hyaluronan concentrations in
the peritoneal dialysis effluent of stable continuous am-
bulatory peritoneal dialysis (CAPD) patients is a function
of the duration of CAPD treatment, resulting in increased
peritoneal permeability. Other studies carried out by Ya-
mamoto et al [7, 8] demonstrated the presence of nu-
merous peritoneal cells in the peritoneal dialysis effluent
of patients, in the absence of peritonitis, with cell area
increasing with length of time on CAPD. These clinical
findings suggest that the peritoneal basement membrane
would be exposed following denudation of the peritoneal
mesothelial monolayer as a result of repeated exposure
to bioincompatible peritoneal dialysis solutions.
A number of hypotheses exist to postulate the mech-
anisms involved in the wound healing process. These
include migration of precursor cells of the peritoneal
mesothelial cell [24–26], differentiation of macrophages
[27], and exfoliation from the intact mesothelium [28–30].
Since these hypotheses are based upon results from clini-
cal findings and animal experiments (i.e., discontinuously
monitored morphologic findings), controversy exists as
to the mechanism (s) involved. In order to elucidate the
mechanisms involved in the wound healing process we
have developed an in vitro culture system using human
peritoneal mesothelial cells (HPMCs) and incorporating
an image analysis system to continuously monitor mor-
phologic changes. In this study, a correlation between
the dynamic and morphologic changes of the wounded
Confluent
HPMC
Collagen alone
Collagen + HA
Fig. 2. A schematic diagram of the double-layered matrix model for
evaluating effect of hyluronan (HA)-contained type I collagen matrices
on remesothelialization. HPMC is human peritoneal mesothelial cells.
HPMCs during remesothelialization and hyaluronan syn-
thesis was determined.
METHODS
Preparation of HPMC cultures
HPMC cultures were established using a previously de-
scribed method [31]. Chemicals and tissue culture plastics
in the study were as described in our earlier studies [32].
Peritoneal dialysis solutions used in this study
Neutral pH peritoneal dialysis solutions with low con-
centrations of glucose degradation products (GDP) were
prepared in the two-compartment system. Autoclaved
solutions were mixed immediately prior to use in ex-
periments. Electrolyte concentrations after mixing were
as follows: Na+ 135 mEq/L, Ca2+ 2.5 mEq/L, Mg2+
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Fig. 3. Representative images of the wound-healing process occurring in chemically wounded human peritoneal mesothelial cells (HPMCs) (about
1.5 mm of the wounded area) exposed to culture medium for 30 minutes following chemical wounding, and medium then replaced with 0.3%
fetal calf serum (FCS) medium for up to 96 hours. Since the cells at the edges of each frame showed poor mobility, the wounded area would be
remesothelialized by migration of the cells along the wound edge and/or proliferation of cells away from the wound edge. The closure time was
about 60 hours. There was slight but noticable migration even during the post wound closure period (72 hours ∼ 96 hours).
0.5 mEq/L, Cl− 96 mEq/L, lactate− 40 mEq/L, and glu-
cose 1.36 wt/vol%, respectively. Acidic peritoneal dialysis
solution (pH 5.2), with an electrolyte composition as de-
scribed above, was used.
Phase-contrast microscopic image acquisition following
chemical wounding of the HPMC monolayer
HPMCs were grown to subconfluence in 35-well or
6-well microtiter plates (Sumitomo Bakelite, Tokyo,
Japan), and were growth-arrested by incubating for
24 hours in serum-free medium M199. Circular wounds
consisting of a uniform sized cell-free area were made us-
ing a droplet of 1N NaOH [33]. The monolayer cultures
of HPMCs were rapidly washed twice with phosphate-
buffered saline (PBS) and then were exposed to either
the test peritoneal dialysis solutions or fetal calf serum
(FCS)-free M199 (control) for 30 minutes. Thereafter,
each solution was replaced with 0.3% FCS/M199 and in-
cubated for up to 96 hours.
Figure 1 demonstrates a flow diagram of the micro-
scopic image acquisition system employed in this study.
The 35-well was placed in the CO2 incubator (IX-IBC)
(Olympus, Tokyo, Japan) on the stage of the phase
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Fig. 4. Changes in (A) the denuded area, (B) the cell number, and
(C) the cell area, as a function of the healing time in control cultures
(exposed to culture medium 1.27 ± 0.55 mm of the equivalent diam-
eter; N = 5). The denuded area was remesothelialized linearly until
36 hours postinjury followed by a decreased rate of remesothelializa-
tion.
contrast microscope (IX-70, Olympus). Microscopic im-
age data, digitalized by the charge-coupled device cam-
era (CCD) (1000 × 1280 pixels) (HC-300Z/OL) (Olym-
pus) was stored in the hard disk memory equipped in
the personal computer. Digital data were acquired every
30 minutes. For periodic data, another phase-contrast
microscope (CK2) (Olympus) equipped with a CCD
camera (Camedia C-3040 Zoom) (Olympus) was
used.
Image analysis
Image data stored in the disk memory were then con-
verted to 256 gray scale using the commercially avail-
able graphic image analysis software (Optimas, version 6)
(Media Cybernetics, Carlsbad, CA, USA) in order to
set a threshold for automatic extraction of the HPMC
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Fig. 5. Changes in (A) the denuded area, (B) the cell number, and
(C) the cell area as a function of the healing time in cultures exposed
to neutralized peritoneal dialysis solutions (1.40 ± 1.15 mm of the
equivalent diameter; N = 3). The rate of remesothelialization was
equivalent to that of control cultures. However, the increase in cell
number was somewhat faster than that observed in control cultures, re-
sulting in less change in the cell size of the human peritoneal mesothelial
cells (HPMCs). According to statistical analysis (Mann-Whitney U test)
in cell number between control group and neutral peritoneal dialysis
group, there were significant differences at 48, 60, 72, 84, and 96 hours
(P < 0.05) during healing period. There was no statisitically significant
difference between both groups in the other two parameters.
contour. The wound-healing area, defined as a decre-
ment of the denuded area, the cell number, and the cell
area were quantified. In addition, cell mobility was rep-
resented by the video software (Scion Image Beta 4.02,
NIH, Bethesda, MD, USA) and published in our home-
page site (http://www.h4.dion.ne.jp/∼horiken).
Histochemical staining of hyaluronan in HPMCs
HPMCs were grown to subconfluence in 8-well cham-
ber plates (Nunc, Naperville, IL, USA) and then chemi-
cally wounded. At 24, 48, 72, and 96 hours after chemical
wounding, the HPMC monolayer was washed twice in
PBS and fixed using 1:1 cold acetone and methanol for
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Fig. 6. (A) Eight cells investigated for cell
tracking study and (B) the different mobili-
ties (giant cells, upper panel; adjacent to the
wound edge, middle panel; and apart from
the wound edge, lower panel) associated
with the different morphologies and loca-
tions of the human peritoneal mesothelial
cells (HPMCs). Cells marked numbers 1 and
3, polygonal cells about 20 cells away from the
wound edge, tended to proliferate as opposed
to the other HPMCs. Cells marked numbers
2 and 7, the giant cells, defined as having a
mean diameter of HPMC + 2 SD, did not form
lamellapodia. Cell marked number 4; the
polygonal cell found along the wound edge,
mobilized relatively fast exhibiting lamellapo-
dia. Cells marked number 5, the polygonal cell
approximately two to three layers away from
the wound edge, did not migrate to any extent
when compared to the cells along the wound
edge. Cell marked number 6, a rounded cell
typically found along the wound edge but very
few in number, migrated so rapidly moving
large distances that it soon went out of view.
90 seconds. Following overnight incubation (12 hours)
in 100 lg/mL of biotin-conjugated hyaluronan-binding
protein (B-HABP) (Seikagaku Kogyo, Tokyo, Japan) at
4◦C, HPMCs were washed twice in PBS and then in-
cubated with alkaline phosphatase-conjugated strepta-
vidin (Dako Fuchsin Substrate-Chromogen System for
Immunohistochemistry and In Situ Hybridization; code
number K0624) (Dako Corp., Carpinteria, CA, USA)
at room temperature for 10 minutes. The HPMCs were
washed twice with Tris-buffered saline (TBS) and then
incubated with the Fuchsin reagent, prepared by mixing
120 lL each of Fuchsin chromogen and activating agent
together with 1760 lL of buffered substrate, at room
temperature for 7 minutes. The CCD camera recorded
stained wounded areas and the stained region was color-
mapped by the appropriately determined threshold and
its pixel number was counted by Photoshop version7
(Adobe, San Jose, CA, USA).
In addition, the identification of proliferation using
bromodeoxyuridine incorporations was done according
to the method previously described by Yung and Davies
[36].
Effect of hyaluronan-contained collagen matrices
on remesothlialization
HPMCs were cultured on the double-layered culture
matrices as shown in Figure 2. The upper layer was com-
posed of 4 mg/mL of type I collagen while the bot-
tom layer contained hyaluronan (Seikagaku Kogyo) in
4 mg/mL of type I collagen. Hyaluronan concentrations
were 0, 0.1, and 1.0 mg/mL, respectively. After confluent
of the HPMCs on them, the masking tape placed between
the both layers was pulled off to expose the hyaluronan-
contained collagen layer to the HMPCs (an initial open
area). The closing rate was evaluated as ratio of the reme-
sothelialized area to the initial open area.
Analysis of data
All data are expressed as mean ± SD. Statistical signif-
icance of hyaluronan-stained areas in Figures 9 through
11 was calculated using the Wilcoxon test; statistical com-
parison in morphologic changes between control group
and neutral peritoneal dialysis group (Fig. 4 vs. Fig. 5) was
made using the Mann-Whitney U test, P values less than
0.05 were considered to be significant. For the analysis of
covariance, SAS software for statistical analysis was used
(SAS/STAT User’s Guide Release, 6.03 edition, Tokyo,
Japan).
RESULTS
Image analysis of the remesothelialization process after
chemical wounding
Figure 3 demonstrates a typical time course for the
wound healing of cultured HPMCs, following exposure
to culture medium for 30 minutes after chemical wound-
ing. In this case the equivalent diameter of the wounded
area, defined as 2
√
S
p (where S is the wounded area), was
about 1.5 mm. Since the cells around the edges of each
frame showed poor mobility, the denuded area was reme-
sothelialized by both migration of the cells along the
wound edge and proliferation of the surrounding intact
area. The wound closure time was about 60 hours. There
was still slight, but noticeable migration even during the
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Fig. 6. (Continued)
postwound closure period (72 hours ∼ 96 hours) as shown
in the video movie.
The results of seven control experiments, under the
same conditions as mentioned above, are summarized in
Figure 4. The average equivalent diameter was 1.27 ±
0.55 mm. The denuded area was remesothelialized lin-
early up to 36 hours postchemical wounding followed by
a reduced rate of remesothelialization. However, the av-
erage cell count in a microscopic view (×40; whole area
1000 × 1280 pixels) did not inversely correlate to the
change in the denuded area within the first 24 hours. This
might indicate that other mechanisms apart from cell pro-
liferation are involved during this period of the healing
process. Average cell area was calculated as (whole area –
denuded area) divided by cell count. According to the in-
crease in average cell area during this period, we could
speculate that cell migration is the predominant causal
process involved in wound closure. Confirmation of this
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Fig. 7. Percent representation of destinies of the 100 cells during reme-
sothelialization process. Approximately 68% of the cells remained after
chemical wounding migrated centripetally in a wide range of mobility
while 26% of them proliferated. The rests of them (6%) were the en-
larged cells (GC), which did not show any proliferation but mobilized.
∗29% of the migrated and 38% of the proliferated cells failed to track,
respectively (presumably cell death and subsequent detachment).
postulation can be seen in the periodical frame images.
Over 200 digital images, acquired every 30 minutes, were
edited to the subminute digital video movie (available
to see on our homepage; http//www.h4.dion.ne.jp/
∼horiken). This movie clearly shows migration of cells,
predominantly along the wound edge and two to three
cell layers away from it into the denuded area. The for-
mation of lamellipodia (ruffling motion) on some HPMCs
can also be clearly seen.
Wounded HPMCs exposed to neutralized peritoneal
dialysis solutions exhibited a similar healing process to
control cultures, with the rate of remesothelialization be-
ing approximately equivalent. The average equivalent
diameter was 1.40 ± 1.15 mm, as shown in the movie
on our homepage and quantitatively summarized in
Figure 5. One noticeable difference, however, was that
the rate of proliferation was greater in those cultures
exposed to neutralized peritoneal dialysis solutions, re-
sulting in a significant increase in cell counts compared
to those in control. In contrast, in cultures exposed to
acidic peritoneal dialysis solutions, remesothelialization
was poor and ultimately cell detachment occurred.
Two interesting observations were made from the dig-
ital video movies. First, it appears that cell mobility is
dependent upon both the shape and the location of the
cell relative to the wound edge. Second, dislocation of the
cells continued even after wound closure. To illustrate our
first observation we tracked eight cells as shown in Fig-
ure 6A (numbers 1 to 8): (1) the polygonal cell found
along the wound edge mobilized relatively fast, exhibit-
ing lamellapodia (number 4); their ruffling motion toward
the center of the wound was common; (2) the rounded cell
(number 6) typically found along the wound edge, but rel-
atively few in number, moved very rapidly such that they
easily went out of view; (3) the polygonal cell, two to three
layers away from the wound edge (number 5), showed re-
duced mobility as compared to the cells along the wound
edge; (4) the giant cell, defined as having a mean diame-
ter of HPMC + 2 SD [33] did not form lamellapodia and
did not appear to mobilize so much(numbers 2 and 7); (5)
the polygonal cells, about 20 cells away from the wound
edge, tended to proliferate (numbers 1 and 3); and (6) the
polygonal cell, about 30 cells away from the wound edge,
only showed slight dislocation (number 8).
Tracking of 100 cells, randomly sampled from the sec-
ond quadrant of the first image in Figure 2, was carried out
using the subsequent 209 images taken every 30 minutes
to determine whether remesothelialization was dom-
inated by either migration or proliferation. Figure 7
shows % representation of destinies of the cells during
remesothelialization process. Approximately 68% of the
cells remained after chemical wounding migrated cen-
tripetally in a wide range of mobility while 26% of them
proliferated. The rest of them (6%) were the enlarged
cells, which did not show any proliferation but mobi-
lized to some extent without lamellapodia and filopo-
dia. Twenty-nine percent of the migrated and 38% of
the proliferated cells failed to track, respectively (pre-
sumably due to cell death and subsequent detachment).
A few number of cell proliferation were also demon-
strated in the bromodeoxyuridine study as shown in
Figure 8.
Hyaluronan synthesis during remesothelialization
Histochemical staining of hyaluronan in HPMC’s from
different donors was carried out using 8-well chamber
plates (Nunc). In these experiments wound closure oc-
curred within 24 hours.
Figure 9A shows the results of Fuchsin staining of the
B-HABP binding regions. At 24 hours following chem-
ical wounding, the stained area was restricted to the
remesothelialized area where the denuded area had com-
pletely repaired. After 48 hours, the stained area was still
visible, but somewhat diffuse and by 72 hours, the stained
area had diminished to almost background levels. These
images were quantified by Red-Green-Blue (RGB) color
mapping as shown in Figure 9B. Prior to chemical in-
jury, 12.5% (12,000 pixels out of 790,000 pixels) of the
HPMCs stained for B-HABP. Following HPMC wound-
ing, the number of stained cells increased 4.3-fold above
background at 24 hours and 5.2-fold above background at
48 hours. Thereafter, the number of stained cells de-
creased to 1.7- to 2.0-fold above background.
Hyaluronan synthesis during remesothelialization was
also assessed by comparison of the stained area between
50% healing and 100% healing as shown in Figure 10.
This result indicated no linear correlation between the
wound-healed area and hyaluronan concentration.
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Fig. 8. Identification of cell proliferation us-
ing bromodeoxyuridine incorporations into
cells. (a) Phase-contrast microscopic find-
ing of the human peritoneal mesothelial
cells (HPMCs) in a remodeling phase after
chemical wounding. Arrows indicate the
wounding edge. Scattered incorpolation of
bromodeoxyuridine into the HPMC apart
from the wounding edge was observed. (b)
Phase-contrast microscopic finding of the
HPMCs after wound closing. There was few
noticeable stained region of bromodeoxyuri-
dine after wound closing.
Effect of hyaluronan-contained collagen matrices
on remesothlialization
After confluent of mesothelial monolayer on the
double-layered collagen matrices, a masking tape was
detached to expose the hyaluronan-contained collagen
layer to the HPMCs (initial open area). The closing rate
was evaluated as ratio of the covered area to the ini-
tial open area. The closing rate was slightly faster in the
hyaluronan-contained group than type I collagen alone
but not statistically significant.
DISCUSSION
The cell culture model of wound healing used in our
study has enabled us to demonstrate quantitative image
data of the cellular processes that occur during wound
healing. We have been able to continuously observe cell
migration, proliferation, and transformation. While some
concerns have been expressed in the use of NaOH for
wound-healing studies as apposed to mechanical wound-
ing, we chose, in part, to use this established necrotic
model [33] in order to evaluate its usefulness. Once we
establish the modality of evaluation, it will become eas-
ier to employ much more complicated models such as
combination of GDPs at varying pH.
Mesothelial cells have a strong regenerative capac-
ity. There is, however, no general consensus for the
mechanisms involved in remesothelialization, with the
following hypotheses being proposed: bone marrow pro-
genitor cells, adjacent mesothelial cells, exfoliated intact
mesothelial cells, and mesenchymal precursors [34]. Our
dynamic observations led us to agree with the hypothe-
sis of advanced cell repair from the remained intact cells
[35]. This was also partly confirmed by Yung and Davies
[36], although their wound model was made by mechani-
cal scratching and they presented only periodical frame-
images. A certain number of exfoliated cells remained
even after rinsing the wounded area with PBS; neverthe-
less, there was little evidence to suggest that remesothe-
lialization occurred due to attachment of these exfoliated
cells to the denuded area. Therefore, we could not con-
cur with the hypothesis that exfoliated cells play any
significant role in the healing process. A pioneer study
suggests some involvement of bone marrow progeni-
tor cells, which have the capacity to dedifferentiate, in
the healing process [abstract; Itoh et al, Jpn Soc Dial
Ther 33(Suppl):667, 2000]. However, further studies are
needed to determine the relative importance of this pro-
cess during wound healing.
Centripetal migration of the wounded HPMCs was the
predominant mechanism involved in the healing process
of our wound-healing model. Proliferation, in a scattered
manner, also occurred but much lesser than migration.
The results of our quantitative image analysis, suggested
that cell proliferation was a more marked feature of
the remesothelialization process in mesothelial cells that
were exposed to neutralized peritoneal dialysis solutions.
Constituents in the peritoneal dialysis solutions, such as
glucose, may cause proliferation of the mesothelial cells
under neutral pH conditions during short-term exposure
[37].
In our model, cell mobility appeared to be dependent
on two factors, namely, the cell morphology and its lo-
cation relative to the wound edge. The polygonal cells
found along the wound edge (Fig. 6, cell number 4), that
showed typical mesothelial morphology, migrated rela-
tively fast exhibiting lamellapodia and filopodia. Their
mobility could be triggered by not only the loss of con-
tact inhibition but also necrotic degeneration due to the
added NaOH. Although Yung, Thomas, and Davies [38]
demonstrated localized hyaluronan synthesis adjacent
to the wound edge in their mechanical scratch model
[38], much more diffuse hyaluronan synthesis was ob-
served in our wound model, which could be generated
by NaOH penetration in radial direction. It is speculated
that hyaluronan synthesis may promote cell mobility, par-
ticularly migration of those cells located along the wound
edge. Although we are not yet able to present direct evi-
dence to support this causal mechanism, a previous stud-
ies by Yung, Thomas, and Davies [38], in which exogenous
hyaluronan promoted remesothelialization, strongly sup-
ports our obsevation.
Another cell, of atypical mesothelial morphology, was
also found along the wound edge. These cells were much
more rounded and few in number; however, their migra-
tory rate was much more rapid and they were capable
of traveling large distances. Their motion appeared to be
random and independent of their neighboring cells. In
addition, this cell did not show any proliferative capacity
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Fig. 8. (Continued)
Fig. 9. Histochemical staining of wounded
human peritoneal mesangial cells (HPMCs)
by biotin-conjugated hyaluronan-binding
protein (B-HABP) conjugated to strepta-
vidin. (A) In this experiment, the denuded
area was completely remesothelialized
24 hours after chemical wounding. The
stained area was localized to the healed area
where remesothelialization was complete.
After 48 hours, the stained area was still
visible but somewhat diffuse but by 72 hours
was no longer visible. (B) Changes in
B-HABP staining, quantified as a function
of the healing time (exposed to culture
medium) (N = 7; ∗P < 0.05). Only 12.5%
of mesothelial cells (12,000 pixels out of
786,432 of total number of pixels) stained
for B-HABP even before chemical injury.
Following injury, 4.3 times and 5.2 times
larger pixel numbers were counted at 24
hours and 48 hours, respectively. Thereafter,
staining was reduced to 1.7 to 2.0 times the
background levels.
Fig. 10. Histochemical staining using biotin-
conjugated hyaluronan-binding protein
(B-HABP) conjugated with streptavidin in
comparison of the stained area between 50%
healing and 100% healing. (A) No linear
correlation between the wound healed area
and hyaluronan concentration was seen. (B)
Changes in B-HABP staining, quantified as
a function of % healing (exposed to culture
medium) (N = 6; ∗P < 0.05).
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regardless of its high activity. Further studies are needed
to identify this cell.
The “giant” cells defined as having a mean diameter of
HPMC + 2 SD [34] did not form lamellapodia or filopo-
dia. They were, however, capable of changing their shape.
Since two-dimensional microscopic observation is based
on the projection of a three-dimensional object (cell), a
change in cell area means three-dimensional deforma-
tion as far as the cell volume remains constant. Our re-
sults suggest that this three-dimensional deformation is
particularly characteristic of the giant cells.
The cells, more than 30 cell layers away from the wound
edge, tended to proliferate as if they were trying to fill the
spaces being created by migration of the mesothelial cells
adjacent to the wound edge.
Continued mobility of the cells was observed even af-
ter wound closure. A decrease in cell area may result
from this mobility during the postwound closure period,
suggesting that the migrated cells may initially be flat-
tened and then become cubic. Reduction of hyaluronan-
binding protein correlated with this decreased cell area.
Since one of the major properties of hyaluronan is the
promotion of cell adhesion [14], it would not seem unrea-
sonable that hyaluronan secretion would decrease under
such circumstances.
Hyaluronan synthesis as shown in Figures 9 and 10
leads us to discuss the significance of hyaluronan in the
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Fig. 11. Effect of hyaluronan (HA)-contained collagen matrices on
remesothelialization. The closing rate was slightly faster in the
hyaluronan-contained group than type I collagen alone, not statistically
significant.
peritoneal dialysis effluent. Although hyaluronan con-
centration in the culture medium was not measured in
our experiments, we may estimate the similar increase of
hyaluronan in peritoneal dialysis effluent as those on/in
the HPMCs as well as basal side on the plastic well be-
cause over 90% of hyaluronan release in the culture
medium from the cultured mesothelial cell were reported
by [3H]-labeled hyaluronan synthesis study [9] followed
by the early study of Kumano et al [39]. Therefore, we
can speculate that increase of hyaluronan in peritoneal
dialysis effluent may reflect an event of wound healing of
the peritoneum. Positive effect of hyluronan-contained
collagen matrices on remesothelialization suggests us to
need further investigation on a role of hyaluronan as a
therapeutic agent as well as a diagnostic marker.
Reduction in the concentration of hyaluronan-binding
protein after completion of wound closure suggests
breakdown of hyaluronan into short fragments as well as
decreased synthesis of hyaluronan, since B-HABP used
in our study has a high affinity for the disaccharide unit
of hyaluronate [40]. Since only mesothelial cells were
used in our experiments, we know that mesothelial cells
themselves have the capacity to synthesize both hyaluro-
nan and mucopolysacharidase such as hyaluronidase.
Hyaluronan synthesis may be initiated by the release of
contact inhibition or cytokine release due to necrotic de-
generation. In a separate study we have demonstrated
no significant production of TGF-b1 or basic fibroblast
growth factor (b-FGF) during the early period of wound
healing [41]. IL-1b , a potent inflammatory cytokine in-
volved in mesothelial injury, may be responsible for initia-
tion of hyaluronan synthesis [23]. In further study, we will
aim to clarify the potential role of IL-1b in the induction
of hyaluronan and hyaluronidase in wounded HPMCs.
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CONCLUSION
The cell culture model of wound healing used in our
study has enabled us to demonstrate quantitative image
data of the cellular processes that occur during wound
healing. We have been able to continuously observe cell
migration, proliferation, and transformation. In our ex-
perimental wound-healing model, we have demonstrated
synthesis of hyaluronan by wounded HPMCs. Hyaluro-
nan concentrations decreased as the denuded areas were
remesothelialized, suggesting that hyaluronan concentra-
tions in peritoneal dialysis effluent may reflect an ongoing
wound healing process.
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